Federal, state, and local governments in the United States, along with land trusts and other nonprofit organizations, have invested significant financial resources in protection of natural lands in coastal areas. As the climate changes, protected lands could provide increased resilience to coastal communities, yet climate change also poses a threat to the continued existence and healthy functioning of these ecosystems. The objectives of this research are to characterize the distribution and types of coastal protected lands in the eastern United States, estimate their exposure to sea level rise, evaluate the potential impact of this exposure on associated ecosystem services, and then discuss appropriate adaptation measures. For this, we construct an inventory of coastal protected lands in shoreline counties of US states along the Atlantic. We summarize their ownership and land cover and evaluate their exposure to a 3-foot (0.91 m) rise in sea level. We find substantial variation in the amount of lands protected in coastal shoreline counties, from a high of 34 percent in Florida to a low of 7 percent in Pennsylvania. Federal ownership is greatest in the South, whereas state ownership dominates in the Mid-Atlantic. Private groups own large shares of protected lands in Maine, New Hampshire, Delaware, and Maryland. Moving south, dominant land covers in protected areas shift from forests to wetlands. We find that one quarter of protected lands in shoreline counties will be affected by 3 feet of sea level rise, with substantial heterogeneity in exposure across states and greater impacts in southern states. Almost 50 percent of federal lands and around 25 percent of state lands will be affected. While substantial proportions of estuarine wetlands and unconsolidated shore (beaches and dunes) are currently protected and provide key coastal ecosystem services, 95 and 91 percent of these protected systems, respectively, will be affected by 3 feet of sea level rise. We discuss the potential consequences and the associated reductions in ecosystem service provisioning from sea level rise in the context of current funding and adaptation planning for conservation. We find that some of the states facing the greatest challenges are those lacking plans and funding. The large heterogeneity in ownership, land covers, and funding across states suggests that adaptation policies for coastal protected lands will need to be tailored to the local context; a one-sizefits-all approach is unlikely to be as effective.
Introduction
Federal, state, and local governments in the United States, along with land trusts and other private nonprofit organizations, have invested significant financial resources in protection of natural lands in coastal areas. These financial investments have, by many accounts, yielded a substantial return (Balmford et al., 2002; Patton et al., 2012) . Natural lands in coastal areas, including beaches, dunes, wetlands, and forests, provide valuable ecosystem services, such as storm surge attenuation, recreational opportunities, floodwater retention, carbon storage, habitat provision, temperature regulation, and water quality enhancements (e.g., Spalding et al., 2014; Barbier et al., 2011; Burkhard et al., 2012) . These protected lands can buffer communities from some climate change impacts and thus increase resilience (e.g., Arkema et al., 2013) .
However, these same climate impacts also threaten protected lands. Protected areas will be affected by changes in rainfall, storm patterns, temperature extremes, alterations in the distribution of invasive species, and other factors (e.g., Fisher et al., 1997; Riggs and Ames, 2003; Nicholls et al., 2007) . In coastal areas, sea level rise (SLR) poses a particular threat. The global mean sea level rose an average of 0.13 inches (3.11 mm) per year between 1993 and 2008, as identified by satellite data (Ablain et al., 2009 ). Projections of future SLR vary across studies, with global averages ranging between roughly 1 foot and 6 feet (0.3e1.8 m) by 2100 (Nicholls and Cazenave, 2010; Melillo et al., 2014) . Local sea level, however, can vary from the global mean because of subsidence and uplift, variations in ocean dynamics, and other influences (Nicholls et al., 2014 ). The increase in sea level has the potential to significantly affect the services provided by conservation investments by altering their land cover, increasing erosion and saltwater intrusion, and/or exposing them to greater risk of flooding or inundation (e.g., Field, 2012; Nicholls and Cazenave, 2010; Traill et al., 2011) . Given recent storm events on the east coast, there is increasing concern about the reach of storm surge on top of projected SLR. For example, observed SLR in New York has increased the probability of what was a 1-in-100-year flood event in 1950 to a 1-in-20-year event today (Sweet et al., 2013) .
Although potential impacts of climate change on conserved coastal areas have been noted and adaptation options discussed (e.g., Julius and West, 2008; West et al., 2009; Burkett and Davidson, 2012) , protected areas in general have received much less research attention than developed areas (e.g., Hunt and Watkiss, 2011; Hallegatte et al., 2013) . Currently, as far as we are aware, no macro-level assessment of potential SLR exposure is available for protected areas and the ecosystems they protect. The objective of this paper is to fill this gap by developing a state-level protected lands inventory for the eastern shore of the United States that includes assessment of exposure, by ecosystem type and by landowner, to 3 feet (0.91 m) of SLR. Furthermore, we examine the extent to which sea level rise might threaten the provision of ecosystem services and discuss potential adaptation strategies to protect those services.
The SLR scenario of 3 feet is a midrange estimate of mean sea level by 2100 for our region (e.g., Miller et al., 2013; Boesch et al., 2013; Sea Level Rise Work Group, 2015) . The time at which particular locations experience 3 feet of rise will vary along the coast; for example, the Mid-Atlantic has seen faster rates of rise than the global average (Sallenger et al., 2012) . We present the results from a single SLR scenario, but we also demonstrate a methodology that could be used by local practitioners to explore SLR effects for other scenarios relevant to their decisionmaking. Our analysis is also useful for our purpose of developing a macro-level assessment. The eastern coast of the U.S. is considered to be a valuable initial study area because of its large extent, comprehensive data availability, variety of land covers and ecosystem services, variability in susceptibility to SLR, and proximity to some high density population areas.
Our inventory combines existing geospatial data on protected lands across the region from the US Geological Survey (USGS) Protected Area Database, land cover data from the National Oceanic and Atmospheric (NOAA) Coastal Change Analysis Program, and sea level rise data from the NOAA Digital Coast Sea Level Rise Viewer. We analyze these data to describe the region's protected areas in terms of their ownership and land cover types, how a 3-foot SLR scenario is predicted to affect these protected lands, and how that varies by owner, land cover, and region. We make these processed data available so that other researchers and stakeholders can use them to address their specific needs (see Supplementary material).
After creating this inventory and presenting the results, we examine the implications of SLR exposure for ecosystem service provision in our study area. Natural lands in coastal areas provide a wide range of valuable ecosystem services (Spalding et al., 2014) : water quality enhancements, storm surge attenuation, biodiversity protection, carbon sequestration, fishery spawning grounds, and wildlife habitat, among others (Rogers and McCarty, 2000) . The lands also provide important recreational amenities. The particular services provided by any one site dand the value of those servicesddepend on the land cover, management practices, surrounding land uses, and nearby populations. Although land cover type is arguably the most important underlying factor determining the ecosystem services from protected lands, studies of ecosystem service values indicate that they are locally specific, depending on available complements and substitutes as well as other contextual factors (e.g., Boyd and Krupnick, 2013; Burkhard et al., 2012) . For instance, if adjacent lands are heavily developed, then coastal wetlands might provide storm surge protection to those properties and people (Haddad et al., 2016) . If surrounding lands are forested instead, the storm surge mitigation value would be less. As another example, if a protected area is managed for visitors, with trails and other facilities, the recreational value will be much higher. Because of these local factors, estimating the value of ecosystem services at risk from SLR would require studies of each protected site or application of benefits transfer approaches. Benefits transfer is a technique to estimate benefits provided in one situation by adapting or "plugging in" an estimate of benefits from another, very similar context. Another approach is called value function transfer (Ready and Narud, 2005) ; it entails analysis of a large number of valuation studies relevant to the focal ecosystems and thus is beyond the scope of this paper. However, existing literature provides a general understanding of the ecosystem benefits under threat from SLR in coastal protected areas, and we refer to these studies in our discussion to examine the potential impact of SLR exposure on associated ecosystem services in the region.
Protected land managers face daunting challenges: how should they manage their existing natural resources to adapt to climate change, and how might they augment their conservation holdings to continue the provision of ecosystem services and to achieve their missions? States differ in their abilities to address these questions. We examine state level funding for land acquisition and the extent of state planning for climate change and the dedication of state funding for land conservation programs. We thus conclude with a discussion of how the extent of SLR exposure, planning, and financing varies across states to better understand vulnerabilities and adaptation options.
Methods
Shoreline counties have been designated by NOAA as those counties that are directly adjacent to the open ocean, major estuaries, or the Great Lakes. NOAA (2013) notes that the residents of these counties can be considered "the population most directly affected by the coast." Nationwide, shoreline counties account for less than 10 percent of the country's land area but are home to 39 percent of its population (NOAA, 2013) . Even more people visit these areas seasonally. There are 452 shoreline counties in the United States; our study focuses on the 207 that border ocean in the 15 East Coast states from Maine through Florida. Thus we include the Gulf coast of Florida, and we exclude New York's and Pennsylvania's counties on the Great Lakes. Because of data limitations, we also exclude the District of Columbia. We develop a spatial inventory of protected lands in coastal shoreline counties of the eastern United States by combining a variety of geospatial data sources representing protected area designations, land ownership, land cover, and exposure to 3 feet of SLR. Findings regarding level of exposure of protected lands by state are also compared to conservation spending. We describe these data and our analyses in the following subsections.
Data
We combine geospatial data from three sources to construct our inventory. The base layer is a shapefile of protected areas from the Protected Area Database, maintained by the USGS Gap Analysis Program (GAP) (2012), version 1.3, which we refer to as PAD-US. PAD-US is compiled from various sources, including federal agencies, state and local governments, private entities, and nongovernmental organizations, such as the Trust for Public Land. The database provides consistent identification of protected areas across states. It includes information on the landowner, land manager, and the GAP status code, which is a measure of the extent of conservation. This data set includes marine protected areas, easements, and fee areas. We exclude "proposed" sites and sites owned by the Department of Defense that are classified as having no known mandate for protection (GAP Status Code 4).
The PAD-US data specify nine landowner types, which we condense into five categories because some account for only small amounts of land in our study area. Our private category of landowner includes private, unknown owner, and Native American (almost none in our study area); state includes state and jointly owned lands; and local includes local government and regional agency lands. The other landowner types are federal and nongovernment organization.
We identify the land cover of our study area using 2011 data from NOAA's Coastal Change Analysis Program (NOAA C-CAP) (NOAA Coastal Services Center, 2014a). C-CAP is produced at fiveyear intervals and thus provides a broader time range of coastal land cover data than the USGS National Land Cover Dataset, another widely used, comprehensive land cover data set (Homer et al., 2015) . Additionally, the C-CAP classification scheme is detailed and gives a coastal expression of land coverdfor example, distinguishing between palustrine (freshwater) and estuarine (brackish) wetlands. C-CAP data are validated through field sampling and quality assurance to ensure high accuracy. NOAA estimates national accuracy for the 2010 C-CAP product is 84 percent, with a range across the regions in our study of 82e85 percent (NOAA Coastal Services Center, 2014b) .
We aggregate several C-CAP categories because either the distinctions are not critical for our analysis or the land cover types account for negligible acreage in our study area. Specifically, we combine evergreen, mixed, and deciduous forests into a single forest category and combine cropland and pastureland into one category, cultivated/pasture. All types of developed lands (with varying intensities of development) and developed open space are grouped into a single developed category, since our focus is not on developed lands. We maintain the distinction between palustrine and estuarine wetlands, which are differentiated mainly by the salinity of their soils. We combine all estuarine wetlands into a single category because the individual categories account for comparatively small amounts of acreage. We combine palustrine scrub/shrub, emergent wetlands, and aquatic beds into a single palustrine nonforested wetland category for the same reason, but maintain palustrine forested wetlands as a separate land cover type. Other categories are scrub/shrub, bare land, grassland/herbaceous, unconsolidated shore, and open water. Unconsolidated shore comprises dunes and beaches. We include open water in our analyses to capture freshwater ponds and impoundments that may lie within our shoreline counties and be subject to SLR. Additional C-CAP land cover categories are tundra and snow/ice, which are not in our study area. In total, we consider 11 aggregated land cover types.
To identify areas along the east coast with exposure to SLR, we use NOAA's Digital Coast sea level rise model (NOAA Coastal Services Center, 2012) . The model is based on LiDAR (light detecting and ranging) elevation data to identify inundated lands at different increments of SLR. The use of LiDAR elevation data allows for relatively high-resolution and high-accuracy analysis. In contrast, models or studies that use coarser National Elevation Dataset inputs have relatively large uncertainties, especially when considering small increments of SLR. Although elevation inputs to NOAA's Digital Coast SLR model have high accuracy, the confidence of model outputs varies across space because of the range of accuracies of other model inputs as well as the transformation of elevation data to incorporate local tidal variation (applied using NOAA's VDatum tool). Also, as a "bathtub" model, it accounts for neither geological factors (e.g., subsidence, accretion, and uplift) nor engineered infrastructure (e.g., ditches, culverts, and pipes). More locally specific modeling would include these and other factors (Nicholls et al., 2014) . The SLR data are therefore limited in the precision of local effects as well as the specific nature of those effects. For example, we cannot determine how land cover types will migrate or transform. We thus caution that the data should not be used for locally specific projections. These data are appropriate, however, for our purposes of obtaining a macro-level overview for the entire eastern seaboard and identifying areas with substantial exposure to SLR.
We chose a 3-foot scenario because it is in the range of estimates projected for most of the east coast by 2100. For example, this much (or more) rise is predicted for Florida (Sea Level Rise Work Group, 2015) , Maryland (Boesch et al., 2013) , and New Jersey (Miller et al., 2013) over this century. Although our scenario assumes a uniform amount of rise, the eastern seaboard is expected to experience notable variation in SLR across regions. In the Mid-Atlantic and Northeast (north of Cape Hatteras, North Carolina), Sallenger et al. (2012) estimate that historical SLR has been three to four times greater than the global average. Another study similarly finds higher rates of SLR from Virginia to Nova Scotia (Boon, 2012) . Looking forward, projections of future SLR have been estimated to be roughly 30 percent higher along the North Atlantic than the global average (Slangen et al., 2014) . Around the Chesapeake Bay, accelerated rates of SLR have also been found over the past century. Some of that is due to local land subsidence, but a significant portion is attributable to climatic changes in ocean circulation (Ezer and Corlett, 2012) . A detailed study specific to Maryland projected a rise of 0.9e2.1 feet (0.3e0.7 m) by 2050 and 2.1e5.7 feet (0.7e1.7 m) by 2100 (Boesch et al., 2013) . Such high SLRs have not been detected in the Southeast, but lower levels can be more damaging in Florida and other states where elevations are quite low. Strauss et al. (2012) find that Florida, North Carolina, and South Carolina rank first, second, and third, respectively, among East Coast states in the acreage of land that lies less than 1 m above the local mean high water mark.
Finally, we incorporate annual conservation spending figures to evaluate state-level conservation financing against exposure to SLR. These data are collected from the Trust for Public Land's (2013) Conservation Almanac, which tracks public funds spent on both easements and fee simple acquisitions. Tabular land acquisition data by state, funding program, and purchase type were available for a portion of states in our study area (not VA, MD, DE, RI, and NJ) for all funding programs and purchase types. We summed total state spending through time and divided it by years of data to estimate average annual conservation spending. For states without tabular data, the Conservation Almanac website provides estimates of their total land conservation in 1998e2005, which we used to estimate average annual spending in those states. The years used to construct the average vary by state depending on when the Almanac was updated. Spending data for Rhode Island, New Jersey, Delaware, Maryland, and Virginia cover years 1998e2005; data for Maine, New Hampshire, Connecticut, North Carolina, and Florida cover 1998e2008; data for South Carolina cover 1999e2011; and data for Georgia, Massachusetts, New York, and Pennsylvania cover 1998e2011.
Analysis
We developed a spatial inventory of potentially affected coastal protected areas and land covers using ArcGIS 10.1 (ESRI, 2014) . We calculated the area in each protected area feature of the PAD-US shapefile within our study area and by state. The shapefile was then clipped to the extent of 3 feet of SLR, as obtained from NOAA's Sea Level Rise Viewer platform, and the susceptible area was calculated as the area of the remaining polygons. A similar process was implemented for land cover data, which exist in raster, or grid, format. The Tabulate Area tool calculated the total extent of each land cover type in each state and protected area feature, with and without the SLR clip. Results were exported from the GIS and imported into Stata 13.0 for analysis (StataCorp, 2013) . These results formed our coastal protected area inventory (Supplementary material).
An adjustment to the input data was needed to include relevant offshore areas in our inventory because state cartographic boundaries are simplified representations of land edges and exclude relevant offshore areas, including offshore wetlands. We developed and implemented a GIS methodology to include in our inventory all non-open-water categories outside the cartographic boundary but within state boundaries (open water outside cartographic boundaries is open ocean and excluded). To do this, we incorporated US Census TIGER/Line state boundaries, which outline the full geographic extent of state boundaries, including bays and open ocean. After converting the boundary shapefiles to rasters, we used Spatial Analyst (ESRI, 2014) to capture relevant offshore areas by selecting C-CAP land cover cells classified as anything but open water and falling outside US Census state cartographic boundaries but within US Census TIGER/Line state boundaries. These cells were appended to the C-CAP rasters that were clipped to cartographic boundaries, resulting in a new comprehensive study area, matching shoreline county cartographic boundaries with the addition of relevant offshore land covers.
Given the variety of sources contributing to the PAD-US, some protected area delineations have overlapping borders caused by inaccuracies in mapping, called sliver overlaps, or multiple designations in the same area. As reported by PAD-US, the study area has 16,862,154 acres of protected areas. However, when the protected area shapefile is dissolved into a single area without overlaps in the GIS, the actual area of protected lands is 14,728,997 acres. Thus, in our results we use the original protected area when presenting acreage numbers by owner types, to account for multiple designations. Otherwise, when conducting land cover analysis to describe the protected land cover types by state, we use the dissolved protected area.
To assess state financial capacity for committing resources to protection and adaptation, we compare findings from the SLR analysis to average annual land conservation spending as calculated using Trust for Public Land Conservation Almanac Data.
Results

Population and land area in shoreline counties
Eastern US states vary greatly in the proportions of their land and population located in shoreline counties (see Table 1 ). All counties in Delaware and Rhode Island are defined as shoreline, whereas very little of Pennsylvania's land area is in ocean shoreline counties. All states except North Carolina and Georgia have a greater percentage of their population than their land in shoreline counties, which is the pattern nationwide (NOAA, 2013). It's possible that the extent to which coastal issues and, in particular, concerns over SLR are a priority for a state's electorate may depend on how much of its population lives in shoreline counties. By this measure, states such as Delaware, Rhode Island, New York, and New Jersey may focus more attention on coastal issues than, say, North Carolina, Georgia, or Pennsylvania. Table 2 provides a breakdown, by state, of the total area in shoreline counties and the percentage of that land in protected status. In total, 21.5 percent of land in shoreline counties, or roughly 14.7 million acres, is protected. The states vary enormously in the amount of land protected, however. At one extreme is Florida, which has protected 33.8 percent of its coastal shoreline counties. This is a result of the large amount of federal lands in the Everglades National Park and the state's aggressive conservation programs. In fact, Florida alone is responsible for more than 50 percent of the total protected acreage in shoreline counties in all eastern states. At the other extreme is Pennsylvania, which has only 6.6 percent of its coastal shoreline counties protected. Fig. 1 shows the states along the Atlantic seaboard with the shoreline counties shaded in gray. The protected areas in these counties are shaded in colors corresponding to the five ownership categoriesdfederal, state, local, private, and NGO (note that the three submaps in Fig. 1 have different scales) . The figure shows federal ownership of coastal protected lands is greatest in the South (North Carolina, South Carolina, and Georgia) and quite small in New England. In the Mid-Atlantic region, state governments own more than half of the protected lands. Some states, such as New Hampshire and Massachusetts, have a high percentage of local ownership. Private entities own relatively large shares of protected lands in Maine, New Hampshire, Delaware, and Maryland. Fig. 2 quantifies this division of protected area ownership for the entire region, including the allocation across different federal agencies. In total, across our study area, federal agencies own the greatest amount, at 6.4 million acres, followed by state agencies, at 5.5 million. Local and private landowners own 2.1 million and 2.5 million acres, respectively, and only 0.3 million acres of protected land is owned by NGOs. As seen in Fig. 1 , however, these shares vary substantially across the states. Whereas the federal government accounts for 38 percent of protected acreage across the study region, the percentage is much higher in North Carolina, South
Protected lands and their ownership
Carolina and Georgia, at 69, 65, and 49 percent, respectively. In contrast, in Connecticut, New Hampshire, and Rhode Island, the federal government owns less than 4 percent of coastal protected lands. The state governments own more than half the protected lands in New York, New Jersey, and Connecticut, at 58, 53, and 52 percent, respectivelydthe highest proportions across the study region. Pennsylvania has a particularly high percentage of protected land owned by local governments, at almost 57 percent. The next two highest are New Hampshire, at roughly 31 percent, and Massachusetts, at 30 percent. In Maine, New Hampshire, Delaware, and Maryland, private owners control the largest share, at 56, 47, 46, and 36 percent, respectively. This suggests one way in which states are quite heterogeneous: who owns protected lands varies substantially. We return to this point in Section 4. Multiple federal agencies own protected lands in our study region (Fig. 2) . Of the three main federal land management agenciesdFish and Wildlife Service (FWS), National Park Service (NPS), and Forest Service (FS)dthe former two account for roughly equal shares of federally protected lands in our study area. The influence of these agencies also varies across states. Florida dominates every category of federal agency holdings, accounting for 81 percent of all NPS acreage, with 1.9 million acres (75 percent of which is the Everglades); 56 percent of all FS land, at 1.3 million acres (36 percent of which is the Apalachicola National Forest); 32 percent of all FWS land, at 0.8 million acres; and 74 percent of all other federal land, at slightly less than 0.4 million acres (52 percent of which is NOAA's Florida Keys National Marine Sanctuary). Since Florida has such as a large amount of protected acreage, federal holdings are only 42% of all protected areas in the states. South Carolina and North Carolina have the next highest shares of federal land. These two states together have 43 percent (0.4 million acres) of all FS area; North Carolina contains 26 percent (0.7 million acres) of all FWS area.
Protected land covers
The shoreline counties constituting our study area are incredibly diverse in land cover. Across the entire study region, 24 percent of protected land is palustrine forested wetland. The next most abundant protected land cover type is forest, at 23 percent, followed by palustrine nonforested and estuarine wetlands, at 21 and 13 percent, respectively. The remaining 18 percent, in descending order, consists of cultivated/pasture, open water, scrub/shrub, developed (mainly parks and recreational areas), grassland/herbaceous, bare land, and unconsolidated shore. Notably, open water accounts for nearly 5 percent. The open water is mainly inland freshwater ponds and impoundments, many of which may be exposed to saltwater intrusion in storms and with sea level rise, but the category also includes some offshore areas, especially around the Florida Keys.
Not surprisingly, given the large geographic region we are examining, each state has a unique makeup of ecosystems. Fig. 3 shows the acreage of each type of land cover, protected and unprotected, in shoreline counties in the three regions. Generally, as we move south, the predominant protected land cover switches from forest to wetland. In New England, the bulk of both total and protected shoreline county lands is forestd51 percent and 62 percent, respectively. In the Mid-Atlantic, forests also are the largest protected land cover type (47 percent), but palustrine forested wetlands account for 20 percent of protected lands and estuarine wetlands account for 12 percent. This is a greater share than their representation in Mid-Atlantic shoreline counties overall (12 percent and 4 percent, respectively). The pattern continues for shoreline counties in the Southeast, where the combined area of palustrine forested and nonforested wetlands and estuarine wetlands accounts for 73 percent of all protected lands but only 41 percent of total land cover. Wetlands may be overrepresented in protected areas relative to their available extent because they are less suitable for development and are frequent targets of conservation for their ecosystem services (see Section 4), among other factors. Finally, it is worth noting that the Mid-Atlantic is the most heavily cultivated region, and it tends to protect more agricultural land than the other two regions.
Ownership is not distributed evenly across land cover types. In general, as we move closer to the ocean and the land cover types shift from developed and cultivated lands to various types of wetlands, open water, and unconsolidated shore, we see a greater share of ownership by federal and state agencies and a smaller share held by NGOs, private landowners, and local government. This shift may be due in part to public agencies' targeting land near the shore for both habitat and recreation. In addition, farmland and forests located farther inland are often a focus of private easement programs. State and federal agencies, combined, control 72, 78, and 95 percent of protected palustrine forested, palustrine nonforested, and estuarine wetlands, respectively, and 84 percent of protected open water areas. These lands, which provide arguably the greatest level of coastal ecosystem services, lie in the hands of state and federal agencies with varying levels of financial resources, expertise, and attention to coastal land-use issues. We return to this point in Section 4.
Protected lands exposed to sea level rise
As discussed in Section 2, we examine the extent of land exposed to 3 feet of SLR, noting that this level of rise will occur over different time scales across different parts of the coast. For example, the Northeast will likely experience this level of rise before the Southeast (Slangen et al., 2014 ). For our macro-level assessment, we abstract away from variations in local timing. It is also important to understand that the results of our analysis show what lands will be affected, and not how that effect may manifest. Some lands will be completely inundated and become open water; others will simply change land cover typedfrom, say, forested to nonforested wetlands. Because our land cover data layer is static, our analyses do not account for vegetation migration or change in response to SLR.
We find that one quarter of protected lands in shoreline countiesd3.8 million acresdwill be affected by 3 feet of SLR. Just under 50 percent of federal lands and around 25 percent of state lands will be affected. By contrast, less than 10 percent of protected lands owned by local governments may be affected. Exposure also varies across federal agencies. A substantial percentage of FWS and NPS protected lands in shoreline countiesd65 and 43 percent, respectivelydwill be affected by 3 feet of SLR. By contrast, SLR affects only about 2 percent of FS lands in shoreline counties, since these lands are typically farther inland.
Exposure to SLR varies greatly across states, as shown in Fig. 4 . In general, moving from north to south, we see increasing effects from a uniform SLR. North Carolina sees the largest share of its shoreline protected lands affected, at nearly 51 percent, followed by South Carolina, with 42 percent. Indeed, for all states south of Pennsylvania, at least 24 percent of their protected lands are affected in a 3-foot SLR scenario. By contrast, four of the New England states see only 2 to 4 percent of shoreline protected lands affected. The differential percentages of affected areas across states are the result of several factors. One is topography. The southern states have more low-lying lands that are susceptible to SLR, and these include protected lands. In addition, comparatively more of the protected lands acreage in these states is in low-elevation land cover categories (see Fig. 3 ).
The geographic differences in the effects of SLR on state-owned lands are similar to those illustrated in Fig. 4 for protected lands in total. South Carolina, Georgia, and North Carolina see big effects on their state-owned lands: 55, 48, and 48 percent, respectively, are affected by 3 feet of SLR. By contrast, in the New England states, only 2 to 6 percent of state-owned lands are affected. Fig. 5 focuses on land cover types and shows the percentage of both protected and unprotected lands in shoreline counties that lie within and outside the 3-foot SLR area for each of the three regions. The darker shades denote protected lands, and the lighter, unprotected; blue shading (lower bar segments) denotes areas affected by SLR, and green (upper segments), unaffected. Estuarine wetlands, open water, and unconsolidated shore are greatly jeopardized. Across all shoreline counties, fully 94 percent of estuarine wetlands are expected to be affected by 3 feet of SLR; unconsolidated shore and open water are not far behind, at 91 and 75 percent, respectively. Both protected and unprotected areas of these land covers are similarly exposed to a 3-foot SLR, with similar percentages vulnerable. The proportions vary substantially across the regions, however. Estuarine wetlands in the Southeast will be particularly hard hit. These states have the east coast's largest estuarine wetlands acreage, 96 percent of which would be affected in a 3-foot SLR scenario. In each region of the study area, most estuarine wetlands would be affected (82, 90, and 96 percent in New England, the MidAtlantic, and the Southeast, respectively), with 3.2 million acres of estuarine wetlands exposed. The Southeast has the largest area of exposed wetlands: 2.4 million acres of estuarine wetlands are susceptible, versus 690,000 and 120,000 acres in the Mid-Atlantic and New England, respectively. It is worth noting that the 1.5-million-acre Everglades National Park in Florida accounts for fully 25 percent of the 1.9 million protected acres of estuarine wetlands exposed to our SLR scenario. Florida has the nation's largest amount of shoreline acreage, the most protected lands in shoreline areas, and the greatest extent of wetland land cover.
As would be expected, in both New England and the Southeast, the vast majority (more than 90 percent) of both protected and unprotected unconsolidated shore will be affected by a 3-foot SLR. In the Mid-Atlantic, however, only about 70 percent of the unconsolidated shore is vulnerable, with about one third of the protected area not exposed. The proportion of open water likely to be affected is significantly greater in the Mid-Atlantic and Southeast than in New England, with more than 85 percent of open water in the Mid-Atlantic region likely to be affected by a 3-foot SLR. Nearly one-third of all affected open water is in Florida, at 1.2 million acres.
Palustrine wetlands, which are typically located farther from the shore, are less exposed: 14 percent of palustrine forested wetlands and 12 percent of palustrine nonforested wetlands are affected by 3 feet of SLR. However, despite the low percentages, it is still a large acreagedapproximately 2.3 million acresdbecause of this land cover's large extent in shoreline counties, particularly in the Southeast.
Financing adaptation
Annual land conservation spending figures, taken from the Trust for Public Land's (2013) Conservation Almanac, can give an indication of state-level conservation financing. Fig. 6 shows annual average spending by state. Although we do not have funding specific to coastal areas, findings are shown against the state protected acreage expected to be affected by SLR. South Carolina and Georgia, in particular, spend relatively little on conservation but may have substantial amounts of protected land acreage compromised by SLR. Florida, North Carolina, and New Jersey spend comparatively more but we estimate these states will also be significantly affected by SLR. Massachusetts and New York face less of a problem yet devote significant financial resources to conservation each year. Florida leads the study area in average annual state funding for land acquisition, but also in exposure to SLR.
Discussion
Our inventory of the east coast's protected areas, their ownership, land cover, and exposure to our chosen SLR scenario highlights several important points for land managers. In this section we first discuss the implications for provision of ecosystem services from coastal protected lands and then turn to a discussion of adaptation options and planning, as well as financing. 
Ecosystem services from protected areas
We highlight two land cover groups that provide resilience to SLR through their respective ecosystem services: estuarine wetland and unconsolidated shore. Estuarine wetlands are tidal areas where salinity due to ocean-derived salts is 0.5 percent or more, whereas palustrine land covers are characterized by salinity less than 0.5 percent. Unconsolidated shores consist of dunes and beaches made up of silt, sand or gravel, usually with little to no vegetation, and subject to inundation.
Estuarine wetlands provide substantial benefits along the eastern seaboard and we find 94 percent (2.7 million acres) of protected estuarine wetlands across the study area are exposed to 3 feet of SLR. Thus substantial benefits are vulnerable to potential loss from SLR, including wave and storm surge protection, erosion control, water purification, fisheries maintenance, and carbon sequestration (e.g., Gedan et al., 2011; Davy et al., 2009; Barbier et al., 2011; Spalding et al., 2014; Nelson and Zavaleta, 2012) . Wetlands protect against storm surge by reducing the velocity and height of incoming waves and reduce surge duration by absorbing water (Barbier et al., 2014) . Salt marshes filter water entering estuaries and oceans by slowing water runoff, allowing sediments to settle and the salt marsh to absorb nutrients, thereby providing human and ecosystem health benefits. (Mitsch and Gosselink, 2007; Nelson and Zavaleta, 2012) . Salt marshes also contribute to the productivity of fisheries, such as shrimp, oysters, clams, and fin fishes (Boesch and Turner, 1984; MacKenzie and Dionne, 2008) . They sequester carbon, often shifting carbon from a short-term carbon cycle (10e100 years) to a long-term cycle (1000 years) (Mitsch and Gosselink, 2007; Mayor and Hicks, 2009 ). These systems also provide critical habitat for many species and are important for tourism and recreation .
Some studies have estimated the monetary value of services from estuarine wetlands, which could help to place the potential losses from SLR into perspective. For example, Costanza et al. (2008) estimated the average annual storm protection value of coastal wetlands in the east coast and Gulf regions as ranging from $255 per hectare (2.47 acres) per year in Delaware to $51,105 in New York, with a mean value of $8235. Gedan et al. (2009) report the average values of various ecosystem services provided by tidal marshes (in adjusted $2007 per hectare per year) as $9565 for nutrient removal and transformation, $2825 for disturbance regulation, $1170 for recreation, $420 for food production, $280 for habitat, and $135 for raw materials. Similarly, Bell (1997) estimates the value of salt marsh on the east coast of Florida for recreational fishing as $6470 per acre. While these values cannot be used to directly extrapolate loss values from SLR in our study, they show that the value of wetlands exposed to a 3-foot SLR could be quite substantial.
We find that 91 percent of both protected and unprotected unconsolidated shore lands are exposed to a 3-foot SLR. These coastal dunes and beaches, while only a small percentage of area in coastal counties, are particularly important for storm protection, erosion control, and tourism and recreation while also providing water catchment and purification, wildlife habitat, and raw materials Burkhard et al., 2012) . In extreme storms, coastal protection is likely among the most important of beach services because the beach slope and foredune attenuate waves hitting the shore Burkhard et al., 2012) . Recreational values also are substantial, with 70 percent of the US population visiting the beach on vacation, and 85 percent of total tourism dollars coming from beach visits (Houston, 2008; Barbier et al., 2011) . Beach and dune access enables many recreational and scenic opportunities, including boating, fishing, swimming, snorkeling, walking, beachcombing, and sunbathing . Several studies have sought to estimate the monetary value of beaches to recreation. Landry et al. (2003) estimated that preventing a 1-m width of beach erosion increased oceanfront and inlet-front property values by an average of $233 on Tybee Island in Georgia. In a related study, Bin et al. (2007) estimated that 34 percent of the recreational value of trips to North Carolina beaches will be lost by 2080 as a result of reduced beach width and a complete loss of some beaches. Whitehead et al. (2008) looked at how loss of North Carolina's barrier islands would affect recreational coastal fishing and projected welfare losses over a 75-year period as high as $1.3 billion in net present value terms. To preserve values such as these, coastal ecosystems will need to be able to migrate and adapt (discussed in the next section).
While the majority of estuarine wetlands and unconsolidated shore along the eastern US shoreboard are exposed to a 3-foot SLR, we find that palustrine wetlands, forests, and cultivated lands are proportionally less exposed, with substantial protected areas located outside of the predicted area of impact. These landcover types also provide substantial value in coastal shoreline counties. For example, palustrine wetlands provide biodiversity values, water quality improvements, nutrient cycling, flood abatement, and carbon storage (Zedler and Kercher, 2005) . Forests provide carbon storage, water quality improvements, flood reduction, and nutrient regulation while also being important for timber provision, recreation, and aesthetic values (Burkhard et al., 2012) . Cultivated areas are generally most valuable for their provisioning services, such as crops and livestock (Burkhard et al., 2012) . While these values are proportionally less at risk than estuarine wetlands and unconsolidated shore, their areas of exposed land cover are large, with 2.3 million, 202,000, and 216,000 acres of palustrine wetland, forest, and cultivated land, respectively, exposed to a 3-foot SLR.
Adaptation options and planning
We found heterogeneity in protected area ownership across regions, suggesting that many agencies, at all levels of government, need to be involved in adaptation planning for coastal protected areas. Depending on the ecosystem type, the threats to the land, and management objectives, a variety of adaptation strategies are available for protected areas. West et al. (2009) provide an exhaustive list of adaptation options from the literature and emphasize the importance of managing for change. When it comes to SLR, acquiring new lands to allow for migration of ecosystems inland will be a critical response to preserving the values coastal ecosystems provide. Other options include restoring dunes, installing protective structures, and reducing other stressors. Some land managers in our study region are already considering, evaluating, or implementing such options (e.g., Maryland Commission on Climate Change Adaptation and Response Working Group, 2008; Boicourt and Johnson, 2010; New York State Sea Level Rise Task Force, 2010) .
New land acquisition is likely to be a large part of any strategy. New lands need to be adjacent to threatened systems to allow for migration of ecosystems with rising waters. Wetlands, for instance, can accrete vertically and migrate inland for lower rates of SLR, but such migration can occur only if the land behind the current wetlands is open space into which wetlands can freely migrate. Connected networks of natural areas also improve ecosystem service function since water, soil, and vegetation can migrate freely between terrain types, allowing for more adaptation (Millar et al., 2007) . Of note, as with any strategy, there are limitations; wetlands are unlikely to be able to keep pace with rates of SLR approaching 0.28 inches (7 mm) per year (Titus and Anderson, 2009) . Migration can be aided, however, by trapping or reintroducing sediment (Cahoon et al., 2009) .
The extent to which land managers have begun considering adaptation for protected areas varies widely. All federal agencies have been required, by executive order, to consider climate change impacts. Multiple Marine Protected Areas in our study region have already begun adopting some adaptation measures, such as adding sediment to marshes, building oyster reefs and living shorelines to dissipate wave energy, and relocating built facilities further inland (see Brock and Beavers, 2015) . The FWS has also begun undertaking adaptation actions in National Wildlife Refuges (Bryant et al., 2012) , as has the NPS throughout the study area (Schupp et al., 2015) .
Which adaptation options are chosen will likely vary with the objectives of the landowner or manager. For instance, at a federal level, the three primary federal agencies owning protected land in our study region have different objectives. The mission of the NPS, 43 percent of whose lands in our study area are exposed to a 3-foot SLR, is to preserve natural and cultural resources for the enjoyment of present and future visitors. The 10 national seashores managed by the NPS, 7 of which are in our study area, are some of the most popular sites in the NPS system. Together they account for 6 percent of visitors to NPS sites yet only 0.7 percent of NPS acreage (NPS, 2009 ). On the other hand, 65 percent of FWS eastern shoreline county lands are vulnerable to 3 feet of SLR. The FWS mission is to conserve, manage, and restore lands for fish, bird, and wildlife habitat, but its 560 national wildlife refuges also are extremely popular for recreation. Some of the most highly visited are along the east coast, including Chincoteague National Wildlife Refuge in Virginia, which hosts 1.4 million visitors per year (MSI, 2008) , and the J.N. Ding Darling refuge on Sanibel Island in Florida, with 850,000 visitors per year (Morris and Walls, 2009) . The FS, which has the least amount of acreage in shoreline counties and is the least exposed to SLR, manages forests for a small amount of timber production and for recreation as well as general provision of ecosystem services.
Planning and adaptation actions are much more variable at the state level. To examine state plans, the Georgetown Climate Center (2015) maintains data on state adaptation and sector plans through its Adaptation Clearinghouse, including plan history, goals, and status. Nine of the 15 East Coast states had adopted adaptation plans at the time of our study, 3 had planning underway (Delaware, New Jersey, and Rhode Island), and 3 did not have plans (North Carolina, South Carolina, and Georgia) . Most of the existing plans include land acquisition, management, and restoration goals but do not emphasize strategies for adapting currently protected areas to SLR. At the local level, much less planning for protected areas has been done.
The three states with highest proportions of protected lands likely to be affected by 3 feet of SLRdNorth Carolina, South Carolina, and Georgiadare also the only states in the study area that had not begun developing state adaptation plans at the time of our study (Georgetown Climate Center, 2015) . These states may have more time to begin their planning for sea level rise, but only one third of their estuarine wetlands area is protected and nearly all (98.6 percent) of these wetlands will be affected by a 3-foot SLR. Because the largest proportion of the protected lands in their shoreline counties is managed by federal agenciesd69 percent for North Carolina, 65 percent for South Carolina, and 49 percent for Georgiadfederal-level adaptation planning may facilitate adaptation of their protected areas. Also, North Carolina, which has a high proportion (48.4 percent) of shoreline county state lands affected by a 3-foot SLR, has among the highest levels of state conservation funding (discussed next), which could potentially facilitate adaptation.
State agencies also differ in their missions and motivations for conservation. Most states have state parks, which are primarily managed for recreation; wildlife management areas, typically designated for habitat protection as well as hunting and fishing; and state forests, usually managed for timber production. States may also have other designations such as natural area preserves. The emphasis on each type of lands will vary across states. And even within these designations, states will differ in their priorities. For example, state park systems vary in the extent to which they target natural lands and features versus developed open spaces such as golf courses and infrastructure such as lodges and cabins (Walls, 2013) . The extent to which state agencies will use scarce financial resources on climate adaptation strategies is likely to vary by agency and mission.
Maryland provides a noteworthy example of a state that has made significant strides in adaptation for protected areas. Maryland's Program Open Space (POS) (http://www.dnr.state.md.us/ land/pos/) is one of the longest-running and most active conservation programs in the country. Established in 1969 with a 0.5 percent real estate transaction tax, POS has conserved significant acreage through a variety of mechanisms and subprograms. For example, the Rural Legacy Program uses POS funds for conservation easements. The POS-Stateside program targets land acquisitions through the geospatial GreenPrint system, which identifies "targeted ecological areas" based on ecosystem service value, such as water quality and habitat.
Maryland has integrated recommendations from the Climate Action Plan into GreenPrint and POS. The state is focused, in particular, on wetlands, recognizing the value of their ecosystem services and their significance to Maryland's maritime culture and economy (Papiez, 2012) . By modeling sea level rise under various emissions scenarios and coupling this to models of wetland migration, the state used its GreenPrint tool to identify wetland migration corridors "to help facilitate landward movement of coastal wetlands subject to dislocation by SLR," as well as areas expected to be inundated to not invest in areas likely to be submerged (Papiez, 2012, p. 10 ). Maryland's unique approach to incorporating climate change adaptation into conservation practices has also been used by the FWS, Audubon Society, The Conservation Fund, and other organizations for conservation endeavors in Maryland (Papiez, 2012) . In addition to using GreenPrint, all state-funded POS candidate areas are individually geospatially evaluated for their adaptation services, including storm surge abatement, coastal ecosystem viability, carbon sequestration, and recreation. The state has also established special coastal resilience easements, which incorporate additional adaptation measures in areas exposed to SLR, such as development setbacks and impervious surface limits. Maryland's aggressive adaptation activities for protected lands could serve as a model for other coastal states. Whether financial resources are adequate to the task is an open question in all states, as well as for other levels of government and private sector landholders.
Financing adaption
Adaptation actions are costly, particularly new land acquisition. Easement purchases are less costly and other options may also be available such as landowner agreements, land-use plan amendments, transfer of development rights, and various zoning tools (e.g., performance zoning, cluster zoning, floating zones). With any of these options, public buy-in and transparency will be critical (Carwardine et al., 2008) .
Data are not available to date on any amounts spent on acquisition specifically related to climate adaptation. At a federal level, there are over 30 programs funding conservation. More than half of federal conservation spending is on Farm Bill programs, especially the Conservation Reserve Program, which aims to protect ecosystem services on private agricultural land through temporary easements . The Land and Water Conservation Fund (LWCF) has been the primary source of funding for federal land acquisition since 1965. The FWS, NPS, FS, & Bureau of Land Management all receive funds from the LWCF, in addition to state and local governments through annual allocations and grants. Nationwide, more than 7 million acres have been protected using LWCF resources and programs (Walls, 2009) . The source of LWCF funds is mainly federal oil and gas lease revenue, but actual congressional appropriations have steadily declined since about 1980 (Walls, 2009) . In recent years, annual appropriations have ranged from approximately $140 to $200 million. States have had to fill the conservation funding gap by developing and funding conservation programs of their own, many focusing on easements rather than outright acquisition. The LWCF Act expired in September 2015 and was renewed for only three years.
Although not a complete picture of adaptation resources for protected areas, Fig. 6 highlights the disconnect in some states between the challenges faced and the financial resources available. How will states with relatively high levels of potential SLR and low levels of state conservation spending, such as South Carolina and Georgia, address and adapt to the impacts of climate change? And will the resources of states like Florida, New Jersey, and North Carolina be adequate if state protected lands need to be replaced or restored? Florida leads the region in conservation spending, largely because of the 2001 Florida Forever Act, which finances land acquisition by state agencies and local governments with $300 million per year of "Florida Forever" bonds, backed by a document stamp tax (Florida Department of Environmental Protection, 2016) . The level of Florida's future investment will depend on the continuation of the program.
Conclusion
In total, 14.7 million acres of land spanning 15 states is protected along the US eastern seaboard, accounting for more than 20 percent of the land area in eastern shoreline counties. These lands buffer coastal communities from climate change damage but are themselves exposed to climate change, with sea level rise a distinct threat. We find that fully one quarter of protected lands in eastern shoreline counties are exposed to a sea level rise of 3 feet, a midrange estimate for expected rise by 2100.
The consequences of this rise vary substantially across states and owners. Three feet of sea level rise will likely occur sooner in the Mid-Atlantic, but more area is exposed to this level of rise in the South, largely because of differences in topography. Around 25 percent of state lands and just under 50 percent of federal lands (largely FWS and NPS properties) are exposed to 3 feet of SLR. By contrast, less than 10 percent of protected land owned by local governments is exposed. This partially reflects the varying objectives of the different land managers and the heavy presence of federal protection directly along the coast. Land cover types found closer to the shore, unsurprisingly, are more likely to be affected by SLR: across the study area, almost 90 percent of estuarine wetlands and unconsolidated shore are exposed to 3 feet of rise. These are valuable ecosystems, protecting residents from storm surge, reducing erosion, purifying runoff, providing recreational opportunities, and providing habitat for myriad species.
The adaptation options for coastal protected lands range from helping preserve them in the near term to creation of corridors for inland migration of ecosystems as the sea rises. The feasibility, institutional support, and financial resources for supporting adaption of these protected areas varies by owner and manager, as do the ultimate adaptation objectives. Some states that are facing serious damage from SLR, such as South Carolina, have not adopted adaptation plans and have relatively low levels of state funding for land conservation. Others, such as Maryland, have committed resources in recent years to study and plan for climate change and have been proactive in addressing climate change impacts on their protected lands, including setting priorities for new lands to protect. We find that state and federal agencies combined control 72, 78, and 95 percent of protected palustrine forested, palustrine nonforested, and estuarine wetlands, respectively, and 84 percent of protected open water areas. Higher levels of government, therefore, will have an important role to play in ensuring adaptation of the areas most exposed to SLR.
We have developed a macro-level inventory of protected areas and their exposure to provide a regional overview of the nature of the problem. This can prove useful to land managers and other groups coordinating activities across multiple areas and has highlighted the need for coordination among groups for effective adaptation. (Our inventory tables are available as Supplementary material). Ultimately, however, adaptation decisions will need to be made for particular sites, taking into account the geographic and institutional contexts.
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